Clinical studies frequently report that patients with major mental illness such as schizophrenia and bipolar disorder have comorbid physical conditions, suggesting that systemic alterations affecting both brain and peripheral tissues might underlie the disorders. Numerous studies have reported elevated levels of anti-Toxoplasma gondii (T. gondii) antibodies in patients with major mental illnesses, but the underlying mechanism was unclear. Using multidisciplinary epidemiological, cell biological, and gene expression profiling approaches, we report here multiple lines of evidence suggesting that a major mental illness-related susceptibility factor, Disrupted in schizophrenia (DISC1), is involved in host immune responses against T. gondii infection. Specifically, our cell biology and gene expression studies have revealed that DISC1 Leu607Phe variation, which changes DISC1 interaction with activating transcription factor 4 (ATF4), modifies gene expression patterns upon T. gondii infection. Our epidemiological data have also shown that DISC1 607 Phe/Phe genotype was associated with higher T. gondii antibody levels in sera. Although further studies are required, our study provides mechanistic insight into one of the few well-replicated serological observations in major mental illness.
Introduction
Mechanism(s) underlying many mental illnesses are poorly understood [1] , in contrast to physical disorders, such as diabetes and cancer. Although the biology of mental illnesses tends to be discussed only in the context of brain dysfunction, recent epidemiological studies have indicated shorter lifespans and increased mortality in patients with schizophrenia and bipolar disorder [2] . Many factors, such as differences in lifestyle, adverse effects of medication, and unnatural death can influence lifespan and mortality [3] ; however, beyond these confounding factors, it is possible that intrinsic factors associated with mental illness might underlie both mental and physical susceptibility.
The Disrupted in schizophrenia (DISC1) gene was originally reported in a Scottish pedigree, in which major mental illnesses (e.g., depression and schizophrenia) were clearly segregated with a hereditary chromosomal translocation disrupting this gene [4, 5] . Although the genetic association of DISC1 polymorphisms with major mental illness per se is under debate, biological studies clearly demonstrate the significance of DISC1 protein as a "hub" molecule in neurobiology related to mental conditions [5] [6] [7] [8] [9] [10] [11] [12] . In addition, in the general population, the DISC1 Leu607Phe (rs6675281) and Ser704Cys (rs821616) polymorphisms have been reported to be associated with a wide range of mental conditions, and to influence brain morphology and connectivity [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Recent genetic association studies from the Psychiatry Genomic Consortium (PGC) highlight the link between schizophrenia and genes related to immune function [23] . These results suggest that aberrant immune and inflammatory responses may underlie the pathophysiology of schizophrenia and related disorders. Given that the etiology of these mental disorders includes significant influences of environmental stressors [24] , intrinsic susceptibility in immune/inflammatory responses to environmental stressors may play a role in the pathophysiology of the disease.
Toxoplasma gondii (T. gondii) is a protozoan parasite that infects about one-third of the human population worldwide [25] [26] [27] [28] [29] . The parasite's natural life cycle in the feline definitive host encompasses three stages: oocysts, tachyzoites, and bradyzoites, with the last stage found in tissue cysts [25] [26] [27] [28] [29] . Although T. gondii infection is usually asymptomatic, it can cause cervical lymphadenopathy and chorioretinitis in immunocompetent individuals [29] . Furthermore, in immunocompromised individuals, this infection can result in life-threatening conditions, including encephalitis and pneumonia [26, 29] .
Epidemiological and clinical studies have suggested an involvement of infection by pathogenic microorganisms in the pathology of devastating major mental disorders [30] [31] [32] [33] [34] [35] . In particular, elevated levels of serum antibodies against T. gondii have been reproducibly reported in schizophrenia and bipolar disorder, and some studies show its association with more severe positive psychopathology [30, [33] [34] [35] [36] [37] [38] .
Host genetic variations play a major role in determining susceptibility to various infectious diseases [39, 40] , and thus could explain altered host responses against T. gondii in a specific subgroup of the general population. Nonetheless, the influence of host genetic variations relevant to major mental illness on T. gondii infection has not yet been investigated [41, 42] . Our recent study using a DISC1 animal model shows that behavioral abnormalities appear only in the presence of psychosocial isolation stress [43] , suggesting that genetic variation at DISC1 might participate in the pathophysiology or biological processes underlying mental illness in the context of host susceptibility to environmental stressors.
In the present study, we hypothesized that variation at DISC1 may underlie the host response to T. gondii infection, possibly associated with major mental illness. We have observed that a DISC1 low-frequency variant that alters the encoded DISC1 protein (Leu607Phe) influences host immune responses against T. gondii. Our data also show that anti-T. gondii IgG serum levels are elevated in subjects homozygous for the DISC1 607 Phe/Phe variant in a cohort in which the majority of subjects are Caucasian.
Materials and Methods

Epidemiological study
Two independent cohorts from Baltimore (n = 650) and Pittsburgh (n = 652) were used in this study (Supplementary Table 1 ). The Baltimore cohort was recruited from a clinical program affiliated with the Sheppard Pratt Health System and other agencies in central Maryland, with inclusion/exclusion criteria as previously described [44] . Participants included individuals with schizophrenia and related (schizophrenia), bipolar disorder, or recent onset psychosis, and individuals with no history of a mental illness. The Pittsburgh cohort was recruited at the University of Pittsburgh as part of a schizophrenia genetics research study; individuals were assessed using semi-structured interviews and consensus diagnoses assigned using DSM-IV criteria as described [45] . Participants included individuals with schizophrenia and related (schizophrenia and schizoaffective disorder), major depression, substance abuse/dependence (alcohol, nicotine, cannabis), and those with no diagnosis or condition on Axis II. Sera were collected and stored at −80°C until tested. Levels of anti-T. gondii IgG and antibodies against other pathogens were measured by enzyme immunoassay (EIA) as previously described [46] [47] [48] [49] . Genotypes for [DISC1 Leu607Phe (rs6675281), Ser704Cys (rs821616), COMT Val158Met (rs4680), BDNF Val66Met (rs6265), and GRM3 (rs6465084)] were determined TaqMan SNP genotyping assays (Life technologies) as previously reported [50, 51] . This study was approved by Institutional Review Boards at Johns Hopkins University.
Cell biology experiments
In vitro T. gondii infection
Epstein Barr Virus (EBV)-transformed B lymphoblastoid cells were obtained from the cohorts that were reported in previous studies [52, 53] and are independent of the two cohorts (Baltimore and Pittsburgh) used in the current epidemiological study. DISC1 607 Leu/Leu and Phe/Phe genotyping was performed as previously described [51] . Individual profiles are provided in Supplementary Table 2 . Primary mouse glial cell cultures were prepared from the cortices of postnatal day 3 (P3) pups of C57BL/6 mice as described previously [54] [55] [56] . Human lymphoblastoid cells (Leu/Leu, n = 8; Phe/Phe, n = 7) and mouse glial cells (two independent cultures) were infected with tachyzoites of T. gondii strain 2F [RH-2F], which constitutively expresses cytoplasmic β-galactosidase [57] , at a multiplicity of infection (MOI) of 1, and then collected for RNA collection at 48 h. T. gondii tachyzoite growth was determined by CPRG (chlorophenol red-β-D-galactopyranoside) assay as previously reported [57] and described in Supplementary Methods.
Gene expression assay
Total RNA was purified using RNeasy kit (Qiagen) from lymphoblastoid cells (Leu/Leu, n = 3; Phe/Phe, n = 3) with or without 48 h infection with T. gondii. Gene expression levels were determined using Illumina Human HT-12 V4 BeadChip arrays (Illumina) at the Microarray Core Facility at the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins University. The data were extracted using GenomeStutio v1.0 Expression Module and statistical analysis was performed using GeneSpring GX 11.0.2. Because of the small sample size, we used unadjusted p < 0.05 as cutoff for differential gene expression. Gene ontology analysis of overrepresented gene classes was performed with the DAVID (Database for Annotation, Visualization and Integrated Discovery) software (http://david.abcc. ncifcrf.gov). Quantitative real-time PCR was carried out with SYBR GreenER reagent (Invitrogen) on an ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems) following a standard protocol [58, 59] . qPCR data were normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression levels. Gene-specific primers are shown in Supplementary Methods.
Statistical analysis
Statistical analysis was performed by two-tailed Student's t test, one-way ANOVA, Kruskal-Wallis test, and simple χ 2 test. Post hoc multiple correction was performed with Bonferroni's method. GraphPad Prism 6 (GraphPad) and R were used for these analyses.
Results
Altered host responses and T. gondii growth in DISC1 Phe607 homozygotes exposed to T. gondii
To address whether DISC1 is involved in immune responses against T. gondii, we studied primary cortical glial cell culture from mice in which the major isoforms of the Disc1 gene are genetically depleted (Disc1 LI homozygous mice) [60] . Glial cells were used because they play a critical role in brain immune responses against T. gondii infection [61] and because it has been suggested that chronic infection of Toxoplasma affecting the brain is linked to the development and severity of psychiatric disorders [47, 62, 63] . Our data showed that reduced DISC1 levels in primary mouse cortical glial cells resulted in an enhancement of Tnf mRNA induction in response to T. gondii infection ( Fig. 1a, b ). In contrast, Disc1 LI homozygous mice did not show any (-) (+) Figure 1 ). Based on this observation that DISC1 levels altered glial response to T. gondii infection, we investigated whether the DISC1 Leu607Phe low-frequency variant might influence human immune responses to T. gondii. This SNP was selected because it is located at the interaction domain of DISC1 with activating transcription factor 4 (ATF4), a transcription factor controlling the expression of genes related to cellular stress and inflammation [64] [65] [66] . Indeed, our two-hybrid and coimmunoprecipitation experiments revealed that DISC1-ATF4 interaction was attenuated in the presence of 607Phe variation ( Fig. 2a, b ). In addition, overexpression of DISC1 in cultured cells showed that the nuclear localization of DISC1-607Phe was markedly reduced compared with that of DISC1-607Leu ( Fig. 2c ), which is consistent with findings from the Millar/Porteous lab [67] . Thus, together with our previous observation of the role of DISC1 in gene transcription [68, 69] , we hypothesized that cellular responses against T. gondii infection are dysregulated in the cells from individuals with DISC1 607Phe/Phe (homozygous for low-frequency variants) via ATF4-related mechanisms.
We utilized EBV-transformed lymphoblastoid cells as surrogate cells because previous studies successfully used these cells to address the role of genetic variations in immune responses against pathogen infections in humans [70, 71] . These lymphoblastoid cells readily expressed DISC1 protein and the genotype did not affect the expression level of DISC1 proteins ( Supplementary Figure 2A) . We infected lymphoblastoid cells from individuals with DISC1 607 Leu/Leu (homozygous for high frequency variant) or Phe/Phe in vitro with T. gondii tachyzoites for 48 h. As expected, DISC1 607 genotype influenced DISC1-ATF4 protein binding (Supplementary Figure 2B) .; DISC1 607 Phe/Phe genotype reduced endogenous DISC1-ATF4 binding. In contrast, T. gondii infection did not cause a marked change in DISC1-ATF4 interaction across the genotypes.
Microarray-based gene expression profiling (n = 3 for Leu/Leu, n = 3 for Phe/Phe) of T. gondii-infected cells revealed that 38 and 46 genes were changed more than 1.5fold in DISC1 607 Leu/Leu and Phe/Phe cells respectively, with 71 genes showing differential expression patterns and 13 genes showing similar expression changes between the two genotypes ( Fig. 3a , b, c). Notably, 61 genes out of 71 genes that were differentially expressed between DISC1 607 Leu/Leu and Phe/Phe cells by T. gondii infection contained predicted cAMP response element (CRE)-binding in their promoters ( Supplementary Table 3 ). These findings suggest that DISC1 607 variation alters gene expression changes in response to T. gondii infection by modifying ATF4-mediated transcriptional mechanisms through CREbinding sites in the promoters. Gene ontology analysis revealed several functional gene groups that are uniquely overrepresented in either Leu/Leu or Phe/Phe cells upon infection (Fig. 3d ). For example, the groups for "regulation of programmed cell death" and "transcription factor binding" were specifically underscored in cells with DISC1 Leu/ Leu, whereas the groups for "plasma membrane" and "defense response" were specific to cells with DISC1 Phe/ Phe. In contrast, groups for "cytokine-cytokine receptor interaction" and "immune responses" were represented similarly in cells of both genotypes.
To overcome the limitations of using microarray with such a small sample size (n = 3 per group), we confirmed the findings using quantitative reverse-transcription PCR (qRT-PCR) with a larger number of samples (n = 7-8 per group). We observed that the extent of mRNA upregulation for JUNB and BATF3, both of which encode transcription factors known to be involved in the host response to T. gondii infection [72, 73] , were significantly smaller in Phe/Phe cells in response to T. gondii infection than in Leu/ Leu cells (Fig. 4a ). The increase of JUNB mRNA induction was significantly higher in Leu/Leu cells than Phe/Phe cells after T. gondii infection. In the case of BATF3 mRNA, there was no significant increase in Phe/Phe cells after T. gondii infection, in contrast to significant increases in Leu/Leu cells. Both of these genes contain CRE-binding sites in their promoter, and therefore represent potential targets of ATF4 regulation ( Supplementary Figure 3) .
To further link DISC1 Leu607Phe variation and altered responses of lymphoblastoid cells to T. gondii infection, we examined the growth of T. gondii tachyzoites after infection of DISC1 607 Leu/Leu or Phe/Phe lymphoblastoid cells. Because T. gondii tachyzoites rely on arginine for their growth [74] , limiting arginine availability can enhance host resistance to the parasite and result in lower growth rates and higher conversion into bradyzoites. We therefore tested the growth of T. gondii under both normal and arginine-free conditions. Under normal conditions DISC1 genotype did not significantly alter tachyzoite growth, however, we observed a significant decrease in the growth of T. gondii tachyzoites in DISC1 607 Phe/Phe cells when cells were cultured under arginine-free medium (Fig. 4b ).
Effects of DISC1 Leu607Phe variation on anti-T. gondii IgG level
We then examined the effects of the DISC1 607Phe variant on the levels of anti-T. gondii IgG in serum in two different cohorts of human subjects. In the first cohort (n = 650) ( Supplementary Table 1 ), we found that the 607Phe variant is associated with the levels of anti-T. gondii IgG in serum; individuals homozygous for the DISC1 Phe607 variant (DISC1 607 Phe/Phe) showed a >3-fold elevation in serum anti-T. gondii IgG levels compared to carriers of the DISC1 Leu607 variant (DISC1 607 Leu/Leu and Leu/Phe) ( Fig. 5a,  b) . Notably, T. gondii IgG levels were associated with DISC1 607 Phe/Phe by logistic regression analysis (p = 0.01) adjusting for age, gender, race, and clinical diagnosis ( Table 1 ). We did not observe any influence of the Ser704Cys variation on the serum levels of anti-T. gondii IgG (Fig. 5c ). We also examined T. gondii seropositivity among these cohorts, but high seropositivity for anti-T. gondii IgG was observed at trend levels both for individuals with the 607Phe and Ser704Cys variants (Fig. 5d, e ). Variations in the genes coding for catechol-O-methyltransferase (COMT at Val158Met: rs4680), metabotropic glutamate receptor 3 (GRM3: rs6465084), and brain-derived neurotrophic factor (BDNF at Val66Met: rs6265), all of which are relevant to major mental illness [45, [75] [76] [77] [78] , did not show any association with T. gondii seropositivity (Supplementary Figures 4A-C) . Finally, we found that the association of DISC1 Leu607Phe variation to serum IgG levels is specific to T. gondii, as the same variation did not show any significant differences in serum levels of antibodies against other infectious agents, including cytomegalovirus (CMV), varicella zoster virus (VZV), and herpes simplex virus type 1 (HSV-1) ( Supplementary Figure 4D ALDOC  BATF  DYNLL2  SLC16A3  SLC2A1  BATF3  SLC3A2  IL4I1  OXTR  JUNB  NINJ1  PIM1  ASNS  IL2RB  LOC728835  BNIP3  CCL22  CCL4L1  CCL4L2  FUT11  HOMER2  IGSF3  HES6  JUN  PYCR1  INHBE  GBP1  TNFSF10  USP18  IFIT2  PARP9  CCL17  ATF5  DDIT4  PHGDH  FSCN1  NFKBIA  LOC731985   BCL2L1  BIRC3  BNIP3  CD83  SLC20A1  BHLHB2  MYB  SLC2A5  CCL22  CCL3L1  LOC728835  PTPN6  C17orf87  CCL4L1  CCL4L2  IFIT1  IFIT3  MX2  XAF1  TNFSF10  TNFSF13B  CHI3L2  C17orf96  JUNB  PIM1  HK2  LIMA1  SOCS1  EGR1  S100A10  IL17RB  EBI2  EGR2  SLC2A1  OXTR  SGK  SGK1  CA2  CCNE2  IGSF3  CXCR4  PFKFB4  CCL17  FSCN1  IFITM1 We examined the DISC1 Leu607Phe variation in an independent sample (n = 652) (Supplementary Table 1 ), but no seropositive subjects among those with DISC1 607 Phe/ Phe genotype having T. gondii seropositivity were found in this cohort. Thus, we were unable to evaluate changes in the seropositivity for anti-T. gondii IgG in individuals with DISC1 607 Phe/Phe in the Pittsburgh cohort. Indeed, with the current sample size, the data showed no significance (Fig. 5f) . Notably, these two cohorts were significantly different in terms of age, sex, race, clinical diagnosis, and T. gondii seropositivity ( Supplementary Table 1 ). In summary, although the data from one cohort clearly showed that the DISC1 607Phe variation is specifically associated with elevated serum anti-T. gondii IgG levels, the lack of T. gondii seropositive individuals with DISC1 607 Phe/Phe genotype in another independent cohort prevented us from conducting confirmation studies.
Discussion
In this study, we have provided evidence that variation at DISC1 can regulate immune responses. Our data suggest that impaired DISC1 function can modify host immune responses against T. gondii infection. To our knowledge, no previous study has addressed the involvement of DISC1 in host-pathogen interactions. Although our findings in cell biology do not directly address either the mechanisms underlying elevated anti-T. gondii IgG or a potential causal role of T. gondii infection in psychiatric disorders, this study provides an important first step to investigate the biological link between psychiatric genetics and epidemiological findings. The current study needs to be followed up by multi-institutional larger studies in the near future.
With respect to mechanisms, the Leu607Phe variation is likely to modify ATF4-mediated gene transcription upon T. gondii infection by altering nuclear targeting of DISC1 and thereby DISC1-ATF4 interaction. Indeed, recent studies provide evidence that DISC1 modulates ATF4-dependent gene transcription [67] [68] [69] . ATF4 is a key transcription factor that regulates genes carrying CRE binding sites in their promoters and is known to regulate the unfolded protein response (UPR) and, more recently, immune responses [64] [65] [66] . Thus, DISC1/ATF4-mediated modulation of immune/stress gene expression provides a promising working hypothesis to link DISC1 607 variation and host immune responses to T. gondii infection. Loss of DISC1-ATF4 interaction in cells of DISC1 607 Phe/Phe genotype or Disc1 LI mouse cell culture may result in enhanced innate immune responses, which can decrease T. gondii tachyzoite growth by forcing their conversion into bradyzoites and simultaneously induce strong T and B cellmediated adaptive immune responses, including higher IgG production. This scenario may be supported by our Disc1 LI mouse cell culture data, gene expression and cell biology findings in DISC1 607 Phe/Phe cells upon T. gondii infection, and epidemiological findings on the association of higher anti-T. gondii IgG levels with DISC1 607 Phe/Phe genotype, but further mechanistic studies are essential to reinforce the hypothesis.
Intriguingly, accumulating evidence suggests that UPRrelated molecules are involved in host responses against pathogens [79] [80] [81] . Although the role of ATF4 in T. gondii infection is not yet known, mice with a genetic deficiency of a Heat map of the mRNAs that were changed more than 1.5-fold upon T. gondii infection in DISC1 607 Leu/Leu cells. b Heat map of the mRNAs that were changed more than 1.5-fold upon T. gondii infection in DISC1 607 Phe/Phe lymphoblastoid cells. The data were normalized and plotted on a log2 color scale. Welch t test (unpaired and unequal variance) was used to select differentially expressed genes between two groups with p < 0.05. Expression pattern similarity was visualized by hierarchical clustering with Euclidean as distance metric and Centroid as linkage rule. c Venn diagram indicating overlap of gene expression changes upon T. gondii infection in DISC1 607 Leu/Leu and Phe/Phe lymphoblastoid cells. d Ontology profiling of genes that are changed upon T. gondii infection in DISC1 607 Leu/Leu and Phe/Phe lymphoblastoid cells. Genes listed in a and b were analyzed using DAVID Bioinformatics Database (http://david.abcc.ncifcrf.gov/) ATF6β, one of the UPR initiators, showed altered immune responses against T. gondii infection via altered function of dendritic cells [81] . This implicated a potential role of ATF4 and UPR in antigen presentation and cytokine production in dendritic cells, macrophages, and B lymphocytes against T. gondii infection. Although DISC1/ATF4- mediated modulation of immune responses is a promising hypothesis, we acknowledge that DISC1 has many binding partners [5] and even the Leu607Phe variation affects its interaction with another protein, FEZ1 [68] . Despite the paucity of evidence supporting the role of FEZ1 in immune responses, further studies are necessary to determine the immune functions of DISC1 through other binding partners. DISC1 expression is found in both neurons and glia in the brain and also in peripheral non-neuronal cells, including lymphocytes [82, 83] . Therefore, cell populations that are mainly affected by DISC1 607 SNP need to be identified. Although it is beyond the scope of this study, once induced pluripotent stem cells from subjects carrying DISC1 607Phe/Phe and 607Leu/Leu are established, such cells can be further differentiated into neurons and/or glia for further validation of the working hypothesis proposed in the present study.
A limitation of our findings was that only one cohort revealed the effects of DISC1 607 variation on the levels of anti-T. gondii IgG in serum, the other cohort lacking any seropositive DISC1 607 Phe/Phe homozygotes, which prevented replication. These cohorts represent two independent populations with distinct features ( Supplementary Table 1 ), and such differences in demographic background (e.g., gender, race and genetic background, and disease profiles) may underlie the different patterns of association in the results between the two cohorts. Furthermore, the diversity of T. gondii infection in different geographical locations may affect the results, because infection is influenced by lifestyle. Thus, we have estimated the sample size that can overcome the heterogeneity of cohorts. Our power analysis suggests that we need at least 8091 samples to obtain a significant difference (α = 0.05) in the levels of anti-T. gondii IgG between individuals with DISC1 607 Phe/Phe and others (DISC1 607 Leu/Leu and Leu/Phe) with a power of 80%. This number is very large, given that the study requires simultaneous measurement of the levels of proteins in sera and SNP genotypes. We hope that the present study will serve as a platform to design larger comprehensive studies in the near future. Alternatively, by forming multiinstitutional consortium for larger sample studies in the near future, we might be able to identify another cohort where sufficient DISC1 607 Phe/Phe individuals with high T. gondii IgG levels are available. The concept of interactions between host and infectious agents for mental illness may be extended not only to T. gondii, but also more generally to other infectious and non-infectious agents such as bacteria, parasites, and intestinal microbiomes. Future studies will also address the link between the levels of anti-T. gondii IgG and disease severity, which requires a larger sample size. Cell biology and molecular findings of this study are limited by the small sample size and the heterogeneous demographic data of EBV-transformed lymphoblastoid cells from individuals with DISC1 607 Leu/Leu and Phe/ Phe genotypes. At this moment, demographically-matched lymphoblastoid cells are not available for both DISC1 607 Leu/Leu and Phe/Phe genotypes. In the current study, many of the cells with DISC1 607 Phe/Phe genotype were derived from individuals with substance abuse. Thus, unclear differences in exposure to substance may have affected our findings. In future studies where a larger cohort will be used, we expect to recruit these cells from individuals with DISC1 607 Phe/Phe genotype and no psychiatric history. Another limitation of cell biology studies is that the data has been compared only between cells with DISC1 Leu/Leu and Phe/Phe genotype. The effects of DISC1 607 variation on anti-T. gondii immune responses may be recessive at least in our epidemiology data (Fig. 5b) . Analysis of EBVtransformed lymphoblastoid cells from individuals with DISC1 607 Leu/Phe on matched demographic information would be important to address this points in the future. Our study is also limited in that we could only examine primary infection of T. gondii. Clinical findings related to psychiatric disorders have suggested that either chronic infection or reactivation of a latent, quiescent infection plays a role in brain dysfunction and behavioral changes [47, 62, 63] . Currently, cell culture models cannot recapitulate these important biological phenomena. Recent advances in human brain organoids [84] [85] [86] may be useful in addressing these more clinically related questions in future studies.
Recent clinico-epidemiological studies indicate a high rate of comorbid physical conditions (e.g., autoimmune diseases and metabolic disorders) as well as shorter lifespans and increased mortality in patients with schizophrenia and bipolar disorder [66, 67] . Here we have provided a strategy to address these issues by utilizing human cells from genetically defined populations in the context of gene and environmental interactions. This approach may open a window for further validation of the concept that schizophrenia and bipolar disorder are systemic disorders involving immune alterations. This novel concept, if true, would dramatically change future strategies for drug discovery and help overcome the social stigma that accompanies mental illness.
